Sequences of the insulin receptor (IR), the type-I insulin-like growth-factor receptor (IGFR) and the insulin-receptor-related receptor show that they belong to a homologous family but, until recently, have given few clues about their structures. Three repeats of fibronectin type 111 have been identified close to the membrane. Although 
Introduction
T h e insulin-receptor (IR) family comprises the homologous IR, type I insulin-like growth-factor receptor (IGFR) and IR-related receptor (IRR), all of which play critical roles in cell division, metabolism and development [l] . IR mediates the action of insulin, which modifies the expression and activity of a variety of enzymes and transport systems in nearly all cells. molecule, implicated in receptor binding, suggests that insulin is almost surrounded by its receptor. This is consistent with the finding that no small molecule can compete as a full agonist at the receptor and no insulin modified at a single site is a full antagonist.
Members of the family of IRs are produced by proteolytic cleavage of a high-molecular-mass polypeptide-chain precursor, and then processed to produce two chains, a and p, which are linked by two disulphide bonds [3] . The active receptor is a heterotetramer a&. The a-chain is extracellular and provides the insulin-binding site, whereas the /%chain consists of a short extracellular region, a transmembrane segment and an intracellular tyrosine kinase. The receptor precursor undergoes multiple post-translational processing steps within the endoplasmic reticulum and Golgi apparatus, including proteolytic cleavage into a-and p-subunits, N-linked glycosylations and, possibly, 0-linked glycosylations and acylation. Subsequent to insulin binding, the IR undergoes receptormediated endocytosis, which can result in recycling back to the cell surface or intracellular degradation [4] .
The IR, like the epidermal growth factor receptor (EGFR) and the platelet-derived growth factor receptor (PDGFR), contains intrinsic tyrosine kinase activity. After insulin stimulation, the receptor undergoes autophosphorylation on tyrosine residues in the cytoplasmic domain. The activated IR exhibits only limited direct association with Src homology 2 (SH2) proteins within the cell, unlike the EGFR and PDGFR, but rather phosphorylates IR substrates (IRS-1/2/3/4) on multiple tyrosine residues. IRS proteins bind SH2 domains of various signal-transduction proteins, including phosphatidylinositol 3'-kinase and protein tyrosine phosphatase (SHP-2) and adaptor molecules such as Grb2 [5] . The ligand-binding, tyrosine autophosphorylation and serine/threonine phosphorylation provide three levels of control that are sensitive to extracellular-messenger events.
The first three domains of IR, IGFR and IRR are equivalent to those of EGFR. The latter has a duplicated structure of four domains, L1/ Cys-rich1 /L2/Cys-rich2, while the IR family has a very different sequence in place of the second Cys-rich domain [6] . The structure of a fragment containing the first three domains (L1 /Cys-rich/ L2) of the IGFR has been determined by X-ray crystallography [7] . The L domains of IGFR each consist of a single-stranded right-handed phelix, capped at the ends by short helices and disulphide bonds. Each domain has a base formed from a flat six-stranded B-sheet five residues long, sides formed from p-sheets three residues long, and an irregular top.
Little is known experimentally about the structure of the rest of the extracellular region, but three repeats of fibronectin type-111 domain (FnIII) have been identified, [6, . The first FnI I I domain (Fn IIIO), formerly called the 'connecting domain', can be deleted without seriously compromising insulin binding [12-141, but residues 450-601 appear to be a major immunogenic determinant for inhibitory monoclonal antibodies as well as patients' autoimmune anti-IR antibodies. Therefore, this region was called the major immunogenic region [ 151. A blunted tyrosine autophosphorylation response in deletion studies of this region [ 131 suggests that it may be involved in the transmission of the signal to the tyrosine kinase, after insulin interaction.
The second FnIII domain (FnIII1) contains a long insertion that includes the a-/3 cleavage site, the alternately spliced exon 11, one of the two disulphide bridges that hold together the two halves of the receptor and, finally, residues 704-716, important for insulin binding. The single disulphide bridge between a-and p-subunits is supported by FnIIIl and FnIII2. The extracellular p-subunit (part of FnIIIl and the whole FnIII2 domain) has been implicated in regulation of kinase activity. Treatment of intact cells, or partially purified IRs, with a monoclonal antibody specific for the extracellular /%subunit, inhibited insulin-stimulated autophosphorylation without affecting insulin binding [ 161.
The 3D structure of the intracellular tyrosine kinase of IR has been defined by X-ray analysis [17] . The IR kinase is composed of two lobes with a single connection between them, similar to the kinase cores of the protein serine/threonine kinases. Crystallographic studies have revealed two conformational states for this kinase, dependent on autophosphorylation of an activation loop [ 171.
Ligand-binding affinity and specificity are central to receptor activation, regulation and function. In spite of the extensive similarity in amino acid sequences, domain structures and signalling mechanisms between IR and IGFR, the residues which determine specificity of ligand binding are not equivalent. At least two separate regions in the a-chain of IR, residues 1-120 in domain L1 and 704-716 in the insert region of the FnIIIl domain, are essential for insulin binding, while the Cys-rich domain of IGFR is critical of I G F binding [12, , although the fragment, consisting of residues 1-462 of the IFGR, does not bind ligand on its own [7] .
Mutations in residues between 38 and 68 in chimaeric IR/IGFR led to the identification of Phe-39 as a major determinant of receptor specificity for insulin, increasing insulin affinity 1 5-fold when replacing the corresponding amino acid in IGFR. Furthermore, replacement of Phe-39 in IR by the corresponding IGFR amino acid, Ser-35, led to a decrease of insulin affinity by 8-fold. Another mutant IR, in which Phe-89 in the L1 domain has been replaced by leucine, also does not show full binding affinity, even though it is expressed in the membrane in the normal amounts and appropriately processed [22] . In contrast, the Cys-rich domain is responsible for conferring specificity for insulin-like growth factor 1 (IGF-1) It has been proposed that high-affinity insulin binding involves interaction with both a-subunits within the native IR heterotetramer [23] and this cross-linking may be a critical trigger for receptor activation. Binding of insulin induces significant conformational changes within the IR ectodomain [24] . Similar observations were reported for E G F binding to the EGFR ectodomain [25] .
Disulphide bridges link domains and subunits. Interactions between the two a-subunits are stabilized by two disulphide bonds, involving Cys-524 of each protomer (in the FnIIIO domain) and one of Cys-682, -683 or -685 of the insert region (residues 654-777), within the F n I I I l domain [3] . T h e single disulphide bridge, between residues Cys-647 in the F n I I I l domain and Cys-872 in the FnIII2 domain, provides a covalent link between a-and /?-subunits [26] . T h e two disulphide bridges linking the two a-subunits show greater sensitivity to reduction with low concentrations of dithiothreitol (DTT). T h e intra a-/?-subunit disulphide bridges are less sensitive, requiring more D T T or denaturing conditions prior to reduction [26] . Mutant receptors, in which Cys-647 (half of the a-/? disulphide bridge) was replaced by serine, were dramatically sensitive to D T T , losing more than 75 o/ o of their ability to bind insulin [26] .
Although much progress has been made in relating the sequences of the IR family to their structure and function, there are still many questions to be answered. Much of this will depend on a full understanding of the structural biology of the receptor. We need to understand not only the structures of the individual domains but also their organization and interaction with ligand. Here, we focus on the extracellular region, with special emphasis on the putative FnIII domains, where there is still no direct experimental evidence for the 3D structure. We describe our approach to understanding the relation of sequence to strucv11.
ture and function and relate this to other work on the structure and function of these receptors.
IR L and Cys-rich domains
Analysis of the sequences of a-chains of the family of IRs, available in 1987, suggested that the extracellular region of the IR contains two large homologous domains (L1 and L2) with repeating motifs of around 25 amino acids containing leucines [6] . T h e alignment of the sequences of the different motifs of IR shows only weak similarities among the motifs, with no close homologue of known 3D structure available in the Protein Data Bank (PDB) [27, 28] . T h e common pattern amongst the motifs includes Asn and Gly residues. [35] , with the latter appearing to be more similar.
T h e alignment of the motifs of TSP and I D K showed that the conserved residues were similar to those of the IR motifs, although there was little sequence conservation. Thus, we built a During our analysis, the 3D structures of the L1, Cys-rich and L 2 domains of IGFR were solved by Garrett et al. [7] . T h e structures of L1 and L 2 are described as similar to the P-helix and the ribonuclease inhibitor, the cross-sectiorp-be-_ ing more similar to the latter, although they do not have the repeating helices of a leucine-rich repeat structure. T h e P-sheet disposition differs from those of IDK or TSP, as onep-sheet has a different localization and the sandwich is formed between two short /?-strands, rather than two longer ones as in previously defined P-helices (Figure 2 ). Modelling on the basis of rhamnogalacturonase A proved more successful, as it comprises a P-helix with four /?-strands per turn, thus allowing selection of three with the right orientation. Such a model has almost all the P-strands present correctly. Furthermore, the side chains of the conserved hydrophobics are oriented towards the interior of the /?-helix and stacked. Garrett et al. [7] have defined the 3D structure of the Cys-rich motifs. T h e Cys-rich domain of IGFR is shown to consist of eight modules (shown in Figure 3 for the homologous IR). T h e first module sits at the end of L1 afid the remaining seven form a curved rod running diagonally across L1 and reaching L2. T h e IR has a Cys-rich domain that is homologous with that of I G F R ; thus it is very likely that the connectivities of the cysteines will be the same in both receptors. However, IR has an extra pair of cysteines, proposed to be disulphide-bonded. These cysteines are in a region equivalent to residues 255-265 of IGFR. There is a mobile loop, residues 255-265, located (Figure 3) . As can be seen in Figure 3 , the connectivities of modules 1, 2 and 3 of the Cys-rich Sequence alignment of Fnlll domains with those of the IR family Structure-based alignment of Fnlll domains was generated with COMPARER [57, 58] and formatted by JOY [64] . The aligned proteins are: lfnfl, Ifnf2, lfnt3 and Ifnf4, fibronectin, domains seven, eight, nine and ten (PDB code I fn9; I ten, tenascin (PDB code I ten) ; I cfb I and I db2, neuroglian, domains one and two (PDB code I cfb) ; I cto, granulocyte-colony stimulating factor receptor (PDB code I do); I ebp I and I ebp2, erythropoietin receptor domains one and two (PDB code lebp); Zhhrl and 3hhr2, growth-hormone receptor domains one and two (PDB code 3hhr); IGFR-H, human IGFR (SWISS-PROT accession PO8069); IR-H, human IR (PO6213); IRF-H, human IRR (P14616). Residue numbers are shown in parentheses. The bottom lines ofthe alignments upred) show the secondary-structure prediction results by Jpred. E, b-strand; H, a-helix. 
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P P P P P P P P P P P domain of IR are most similar to those of the last four Cys residues of the first three modules of T N F R or the first four Cys residues of laminin. Modules 4, 5 , 7 and 8 can be considered as having connectivities equivalent to those of the second part of laminin repeat, and the connectivities of module 6 are similar to those of the last four Cys of the fourth module of TNFR.
In the Cys-rich domain, residues 223-274 of IGFR are involved in the interaction with IGF-1 [18, 41] . There is evidence that the Cys-rich domain of IR forms part of the insulin-binding site [42] , although insulin also binds with high affinity to chimaeras containing the Cys-rich domain of IGFR [ls] .
Fibronectin type-Ill domains
There is evidence for three FnIII domains in the region before the transmembrane sequence in all members of this family of receptors [9-111. The FnIII domains comprise a large family, characterized by a conserved 8-sandwich structure with seven strands, although sequence identities between family members are low (8-25%). Thus structure-based alignment is essential to define the sequence-conservation pattern within this family (Figure 4) . Although FnIII and immunoglobulin (Ig) domains adopt similar folds, key residues are not conserved between them and they are regarded as different superfamilies [43] .
Although the domains do not contain any conserved disulphide bridge, there are many consensus residues [4] . These include Pro in the Astrand, T r p in the B-strand, Tyr in the C-strand, Tyr in the F-strand and Leu six residues Nterminal of this Tyr, which is located in the E-F loop [45). Most of these residues are buried in the structure and form a hydrophobic core. There are othe'r conservatively buried hydrophobic residues in the FnIII fold, suggesting that they might also have an important role in stabilizing the hydrophobic core of the domain. These residues are located two and four residues N-terminal of the conserved T r p in the B-strand, two residues Cterminal of the conserved T y r in the C-strand and two and four residues C-terminal of the conserved Tyr in the F-strand. A Leu, which tethers the long loop connecting strands E and F to the core, is highly conserved [44] (Figure 4) .
We added the sequences of the IR family from residues 469 to 929 (except for the insertion, residues 654-777) to the structure-based alignment of FnIII (Figure 4) . It can be seen that most of the key residues are also conserved in the three FnIII domains of the IR family. This alignment is in good agreement with the secondary-structure prediction. As an example, the secondary-structure prediction by Jpred [46] is shown in Figure 4 . T h e first of the three FnIII domains was identified only recently by our group [9] and independently by others [10, 11] .
In order to confirm the 'connecting domain' (residues 468-588) as a FnIII structure, we predicted secondary structure using P H D [47] [48] [49] , Spetor [50, 51] , Predator [52, 53] and Jpred [46] . All strongly predicted seven 8-strands in the domain. T h e two highest-scoring proteins predicted by Threader [54] were both /%proteins; these were Ig and FnIII. Other fold-recognition programs, including Qslave [55] and Fischer and Eisenberg's server [56] , also gave FnIII domains with the highest scores. A careful examination of the structure-based alignments, using COM-PARER [57, 58] , demonstrated that the sequences 0 I999 Biochemical Society 722 of the connecting domains were more compatible with the FnIII domain than with the Ig fold. Similar procedures were followed for the other two putative FnIII domains.
T o construct a model of the IR-and IGFRconnecting domains [9], we used as templates the two known structures that showed the highest sequence identity with the target sequences. These structures were the second domain of the growthhormone receptor (PDB code 3hhr; 25 yo identity) and domain eight of FnIII (PDB code lfnf; 20% identity). Similar procedures were followed to model the F n I I I l and FnIII2 domains. In the model, all the conserved residues point inwards, making a tightly packed hydrophobic core. T h e model was evaluated with Verify 3 D [59] and Procheck [60] Monoclonal antibodies that inhibit insulin binding to human IR were found to bind to an epitope (residues 45e601) within the FnIIIO domain of the receptor [15] . T h e epitope would be expected to include amino acids 535-548, where sequence differences between human and mouse IR are located. These 13 amino acids are located in the loop between strands C' and E in the model [9] and would, therefore, constitute residues that are easily available to antibody binding. Within the native receptor, the FnIIIO domain must presumably be oriented in such a way that this loop is in close proximity to the insulin-binding site, although not contributing directly to it.
Residues conserved amongst members of the IR family should play structural and/or functional roles. Key structural residues, however, should be conserved more widely in the FnIII family. Thus those conserved within the IR family, but not more generally in the FnIII family, are likely to be involved in the activity of the IR family. In FnI 110, conserved residues cluster in two regions. First, the loops C-C' and E-F contain highly conserved residues (Glu-517-Gly-525 and Lys-557-Ala-563 respectively), which cluster on the same face of the 8-sandwich. T h e loop C-C' includes Cys-524 that forms one of the two disulphide bridges between the a-subunits of the different protomers and, therefore, this cluster is likely to be involved in protomer-protomer interactions. This is consistent with the putative location of the epitope involving residues 535-548, described above, on the opposite side of the fold. T h e second cluster is found on the loop B-C (Arg-498-Leu-500) and this might be involved in the interactions with the first three domains of the extracellular region.
8-Strands of the F n I I I l domain are contributed to by both subunits, four from the asubunit and three from the 8-subunit (Figure 5) . Thus we located the insertion between the C' and E 8-strands, in agreement with Mulhern et al. [lo] , but differently from Schaefer et al., who located it between strands E and F [24] .
T h e disposition of the 8-strands in this domain is of crucial importance, since it must be consistent with the formation of the a-8 disulphide bridge. Considering that FnIII 1 is sequentially bounded by FnIII2, that a disulphide bridge occurs between them and that the most probable disposition of the domains is linear, Cys-647 should be located in the lower part of the FnIII module (C-terminus). Loops at the bottom of the 
Supra-domain organization
Little is known about the relative orientations of the L1, Cys-rich and L2 domains. Garrett et al. [7] noted that, in the crystal structure, L2 makes no significant contact with L1 and Cys-rich domains, indicating that the orientation of these domains in the crystal may not be that favoured in solution or in the whole receptor in vivo. They suggested that it is likely that this domain is rotated, as domains L1 and L2 are too far apart in the crystal structure of IGFR (30A), to bind insulin (in the homologous IR). Since the IR family already exists as a dimer, one possibility is a domain movement upon ligand binding, in order to transmit the signal to the cell [7] . Electron microscopy of the IR ectodomain has provided insights into its organization [61] . The Ll/Cys-rich/L2 domains seem to occupy the membrane-distal upper region, and the three FnIII domains the membrane-proximal layer. A 2-fold symmetry axis, aligned normal to the membrane surface, appears to relate the two subunits. Thus L1 of each protomer could be adjacent to the L2 domain of the other protomer [61] . Indeed, mutation of Ser-323, in the L2 domain, abolishes insulin binding [62] , indicating that it may support interaction with insulin, directly or indirectly.
Proteolytic a-/3 cleavage (residues RKRR, 731-735) releases a 77-residue-long tail (a-subunit) from the FnIIIl domain. This may be a necessary condition for allowing residues 704-71 6 to interact with insulin at the same time as domain L1, far apart in the sequence. The corresponding residues in IGFR and IRR are almost identical in sequence. Kristensen et al. [12] have characterized a 70-kDa fragment of the IR ectodomain, which consists of the L1 /Cys-rich/L2 domains plus the 16 C-terminal amino acids of the a-subunit and which binds insulin with almost wild-type affinity. It is not known whether, in the hetero-tetrameric receptor, ligand binding requires L1 and Cterminal sequences of the same or different asubunits.
The second a-a disulphide bridge of the dimer (Cys-682) is situated in the insertion, near residues 704-716, found to be important for insulin binding. These are predicted to be part of a long a-helix by several secondary-structureprediction programs [46] . T h e disulphide bridge could be responsible for maintaining the position of residues 704-71 6 close to the insulin-binding site and for providing a certain rigidity to allow these residues to interact with insulin.
The FnIIIO and FnIIIl domains in the IR family provide the two U-U disulphide bridges (residues 524 and 682 in IR) responsible for retaining the dimer. The fact that FnIII domains are often proximal to the membrane [27, 28] , suggests that they dimerize and lead to dimerization of the receptor.
Activation of the &subunit kinase is stimulated through binding of hormone to the a-subunit and is responsible for the regulation of a variety of intracellular insulin-dependent metabolic responses. Substitution of Cys-647 (responsible for the a-/3 bridge) by Ser completely abolishes receptor-associated autophosphorylation in intact cells, indicating that this residue is required for both basal and insulin-stimulated signal transmission between a-and /3-subunits [26] . It has been proposed that a conformational change upon ligand binding produces a change in the extracellular P-subunit, which releases its inhibition, and this results in kinase activation. In Cys-647 -P Ser mutants, one possibility could be that asubunit remains in a conformation that maintains the inhibition on the /3-subunit [26] . This could involve keeping the kinases apart so that phospho-rylation cannot occur, suggesting a mechanism similar to that proposed for erythropoietin by Remy et al. [63] . Another possibility could be that a and / 3 non-covalent interactions are not strong enough to maintain subunit interactions, or the optimal relation between them. Thus disruption of such a critical disulphide bond could block the transmission of the signal. 
